Li doped bismuth oxide nanorods have been prepared using sodium bismuthate and Li acetate. X-ray diffraction (XRD) pattern shows that the nanorods are composed of monoclinic Bi 2 O 4 and cubic LiBi 12 O 18.50 phases. Scanning electron microscopy (SEM) observation shows that the nanorods have the length and diameter of 1-5 μm and 50-350 nm, respectively. The formation of the Li doped bismuth oxide nanorods is closely relative to the hydrothermal conditions. The electrochemical performance for the determination of L-cysteine based on a Li doped bismuth oxide nanorods modified glassy carbon electrode (GCE) has been developed. The CV peak current increases obviously and linearly with increasing the scan rate. Under the optimal conditions, Li doped bismuth oxide nanorods modified GCE exhibits good analytical performance with good reproducibility and stability. The linear range of L-cysteine is 0.0001-2 mM and the detection limit is 0.36 μM and 0.17 μM for cvp1 and cvp2, respectively.
Introduction
In recent years, nanoscale bismuth oxide finds more application in a variety of fields due to large surface area which provides a large number of adsorption sites.
1,2 Nanoscale bismuth oxide has also attracted much attention owing to electrochemical catalysis and electrochemical stability for the analysis of biological molecules. 3, 4 Glassy carbon electrode (GCE) modified with nanoscale Bi-containing materials, such as zinc bismuthate nanorods, 5 aluminium bismuthate nanorods, 6 Bi 2 O 3 nanorods 7 and Bi 2 O 3 microscale and nanoscale particles 8 has shown good catalytic activity for the electrochemical reduction or oxidation of various biological molecules. The performance of the materials can be improved by doping metal ions. 9 It has also been observed that the electrochemical performance of the electrodes may be improved by doping metal ions, such as Li ions. 10, 11 Therefore, it is important to explore the synthesis of the Li doped bismuth oxide nanorods for improving the electrochemical performance to detect biological molecules. However, to date, the synthesis of Li doped bismuth oxide nanorods has not been reported.
L-cysteine (L-CySH) belongs to important amino acids which has an essential role in biological system. 12 Abnormal level of L-cysteine can cause a number of disease, such as liver damage, fat and muscle loss, weakness and hair depigmentation. 13 Therefore, it is important to develop sensitive method for the determination of L-cysteine. Various methods have been used for the determination of L-cysteine, such as photoelectrochemical detection, 14 spectrometric method, 15, 16 chromatographic separation method 17 and electrochemical method. 18 Among these methods, electrochemical method using GCE modified with nanoscale materials has been widely reported to improve the selectivity and sensitivity for the detection of organic acids. However, the electrochemical determination of L-cysteine on the conventional electrodes requires large overpotential which significantly reduces the selectivity. 19, 20 Large overpotential also causes the formation of oxide at the surface of the GCEs as well as the fouling effect. Therefore, it is essential to explore suitable modified materials for the determination of L-cysteine.
Hydrothermal route is an effective method for the synthesis of nanoscale materials. [21] [22] [23] [24] In this work, a one-step hydrothermal approach for the synthesis of Li doped bismuth oxide nanorods has been developed. The formation process of Li doped bismuth oxide nanorods has been analyzed by controlling the hydrothermal parameters, such as hydrothermal temperature and reaction time. The mechanical attachment method was used to modify the surface of the GCE by attaching the Li doped bismuth oxide nanorods. And the electrochemical performance of the Li doped bismuth oxide nanorods modified GCE for the determination of L-cysteine in KCl solution has been investigated. The Li doped bismuth oxide nanorods modified GCE shows good performance for the determination of L-cysteine with high sensitivity, wide detection range and good stability. In addition, the results show that the nanorods modified GCE can act as a promising electrochemical platform for the electrochemical determination of L-cysteine.
Experimental
Sodium bismuthate (AR grade) was purchased from Aladdin Reagent Co., Ltd. of P. R. China. Lithium acetate (AR grade) and L-cysteine (AR grade) were purchased from Sinopharm Chemical Reagent Co., Ltd. of P. R. China. All other reagents were AR grade. The 0.1 M KCl solution was prepared from potassium chloride and deionized water. Li doped bismuth oxide nanorods were synthesized by the hydrothermal process which was similar to that reported by Lin et al. 25 Briefly, sodium bismuthate and lithium acetate with the mass ratio of 21:5 were mixed with 60 mL deionized water at room temperature with magnetic stiring for 0.5 h. Then the mixtures with lithium acetate and sodium bismuthate were transferred into a Teflon-lined stainless autoclave. The stainless autoclave was sealed and heated to 80-180 ºC and maintained for 0.5 h to 24 h. The white precipitates were gained by the centrifugation, washed using deionized water for several times. The Li doped bismuth oxide nanorods products were dried at 60 ºC.
The obtained samples were investigated by X-ray diffraction (XRD) (Bruker AXS D8) with a Cu K α radiation (λ=1.5406 Å) and scan rate of 0.05 ºs -1 in the range of 10º to 80º so as to identify the phase of the products. The morphology of the products was analyzed in a nova nanoSEM FEI 430 (FEI, Tokyo, Japan) scanning electron microscopy (SEM).
The Li doped bismuth oxide nanorods modified GCE was prepared by a simple mechanical attachment process. Bare GCE (3 mm in diameter) was polished using 0.05 μm alumina slurry, rinsed throughly with deionized water for several times and dried at room temperature forming a mirror-like surface. 10 mg Li doped bismuth oxide nanorods were dispersed into 10 mL N, N-dimethylformamide (DMF) solution with magnetic stiring for 1 h. 10 μL Li doped bismuth oxide nanorods homogeneous solution was drop-coated on the surface of the GCE using a pipette and dried using an infrared lamp.
For cyclic voltammogram (CV) measurement, electrochemical measurements were performed on a CHI604D electrochemical workstation (Shanghai Chenhua Instrument Co., P. R. China) using a conventional three electrode system: a Li doped bismuth oxide nanorods modified GCE, a platinum counter electrode and a saturated calomel reference electrode. The CVs of L-cysteine with different concentrations at the Li doped bismuth oxide nanorods modified GCE were measured in 0.1 M KCl solution using different scan rates.
Results and Discussion
The crystal structure of the products obtained from the hydrothermal conditions of 180 ºC for 24 h was characterized by XRD analysis. As shown in Figure 1 The morphology of the products synthesized from the hydrothermal conditions of 180 ºC for 24 h was observed by SEM, as shown in Figure 2 . From the SEM image with low magnification (Figure 2a) , it is clearly seen that the products are composed of a large amount of nanoscale rod-shaped morphology. The nanorods have typical length of 1-5 μm. Figure 2b shows the SEM image with higher magnification. The nanorods consist of semi-circular tips. The diameter of the nanorods is about 50-350 nm. Combining the XRD pattern with SEM observation, it is confirmed that the products are composed of Li doped bismuth oxide nanorods.
For the synthesis of the Li doped bismuth oxide nanorods, no templates and surfactants were used. Only sodium bismuthate and Li acetate were adopted as the raw materials. Detailed morphology evolution of the products using different reaction times and hydrothermal temperatures were examined by SEM at different growth stages. The SEM images of the products obtained from the hydrothermal conditions of 180 ºC for different reaction times (0.5 h, 6 h and 12 h) are shown in high temperature (120 ºC) are considered to be formed from the nanoscale elliptic particles at low temperature (80 ºC). The results further confirm that the nanorods originate from the nucleau of the nanoscale particles. According to the above results, 180 ºC for 24 h is the optical hydrothermal reaction conditions for the formation of the Li doped bismuth oxide nanorods. (Figure 3a and 3b). The size of the irregular particles and nanosphereshaped structures is about 50-500 nm. As the reaction time proceeds to 6 h, some nanorods are found to be formed in the products besides irrgular particles, as shown in Figure 3c and 3d. The diameter and length of the nanorods are about 40-200 nm and 1 μm, respectively. When the hydrothermal reaction time increases to 12 h, the amount of the nanorods increases obviously and irregular particles decrease ( Figure  3e and 3f) . The diameter and length of the nanorods increase to 50-300 nm and 2 μm, respectively. The reaction timedependent results suggest that the nanorods originate from the irregular and nanosphere-shaped structures which is similar to those reported by other groups. [5] [6] [7] 21 With the increase of the reaction time, the diameter and length of the nanorods increase continuously. Figure 4 shows the SEM images of the products obtained from the hydrothermal conditions of 80 ºC and 120 ºC, respectively for 24 h. The products are totally composed of elliptic particles with the size of 150 nm when the hydrothermal temperature is 80 ºC (Figure 4a and 4b). As increasing the hydrothermal temperature to 120 ºC, the products mainly consist of irregular particles ( Figure  4c and 4d ). Some nanorods with the diameter and length of 40-300 nm and 500 nm-1 μm, respectively are observed besides irregular particles. These nanorods obtained from Based on the morphology evolution of the products from different hydrothermal conditions, the possible formation process of the Li doped bismuth oxide nanorods is shown in Figure 5 . The morphology evolution of the products is relative to the reaction time and hydrothermal temperature. [26] [27] [28] [29] [30] The diameter and length of the Li doped bismuth oxide nanorods increase obviously with the increase of the reaction time and hydrothermal temperature leading to the final formation of the Li doped bismuth oxide nanorods.
noticed that two pairs of electrochemical CV peaks exist in the CV curve at the Li doped bismuth oxide nanorods modified GCE in the mixed solution of 2 mM L-cysteine and 0.1 M KCl. It is evident that the Li doped bismuth oxide nanorods modified GCE exhibits a significant electrocatalytic activity toward L-cysteine. Different from the reports by other groups, an irreversible or a pair of electrochemical CV peaks were generally observed using other modified GCEs. For example, Luo et al. 12 reported that a pair of electrochemical CV peaks at about +0.24 V and +0.36 V, respectively using graphene oxide/carboxylated multiwalled carbon nanotube/ manganese dioxide/gold nanoparticles composite (GO/CCNTs/ AuNPs@MnO 2 ) modified GCE in L-cysteine solution. An irreversible electrochemical CV peak located at about +1.05 V was observed at the Fe 2 O 3 nanoparticles supported on N-doped graphene (Fe 2 O 3 NPs/N-GR) GCE in the presence of 0.5 mM L-cysteine and 0.1 PBS with the scan rate of 50 mV·s -1 . 18 A pair of semi-reversible redox peaks at -0.07 V and -0.52 V was observed at the Zn bismuthate nanorods modified GCE in 2 mM L-cysteine and 0.1 M KCl solution. The intensities of the electrochemical anodic peaks and cathodic peaks are different showing that the electrochemical CV peaks contribute to two pairs of semi-reversible peaks. Figure 7 indicates the CVs of 2 mM L-cysteine at the Li doped bismuth oxide nanorods modified GCE using different initial scan potentials (+0.3 V, +0.2 V, -0.6 V and -1.0 V). The scan rate is 50 mVs -1 . No CV peaks exist in the CVs of L-cysteine when the initial scan potential is +0.3 V and +0.2 V, respectively which is larger than that of cvp1. When the initial scan potential decreases to -0.6 V which is smaller than that of cvp1, a pair of electrochemical CV peaks are observed. With the initial scan potential decreasing to -1.0 V, two pairs of electrochemical CV peaks are seen. Therefore, the potential cvp1 and cvp2 originates from the potential cvp1′ and cvp2′. The results show that two pairs of CV peaks belong to semi-reversible CV peaks. It had been reported that the anodic peak existed at the potential higher than -0.4 V at the vitamin B 12 modified pyrolytic graphite electrode was associated to the oxidation process of L-cysteine to L-cystine (CySSCy) and the reduction of L-cystine. 32 A pair of redox electrochemical CV peaks at the manganese dioxide-carbon nanoscale composite modified GCE were also reported to be caused from the oxidation and reduction between L-cysteine and CySSCy. 33 A pair of electrochemical CV peaks located at -0.07 V and -0.52 V were ascribed to the oxidation and reduction process between L-cysteine and CySSCy.
5 Similar to the above reports, Li doped bismuth oxide nanorods modified GCE may also participate the electrochemical oxidiation and reduction process between L-cysteine and L-cystine (CySSCy). The oxidation and reduction process of L-cysteine for cvp1 and cvp1′ are shown as follows:
It was reported that the electrochemical CV peaks located at -0.45 V and -0.65 V were contributed to the adsorption and desorption behavior of L-cysteine and L-cystine at the surface of gold electrode. 34 The electrochemical CV peaks located at -0.04 V and -0.35 V for cvp2 and cvp2′, respectively at the copper germanate nanowires modified GCE were also contributed to the adsorption and desorption process of L-cysteine and L-cystine. 35 Similar to the electrochemical CV peaks for the above reports, the electrochemical CV peaks at -0.93 V, -0.44 V for cvp2 and cvp2′, respectively at the Li doped bismuth oxide nanorods modified GCE is considered to be contributed to the adsorption and desorption process of L-cysteine and L-cystine.
It was reported that the electrochemical behaviors of L-cysteine at the modified GCEs are closely relative to the scan rate. 28, 33, 35 Figure 8 shows the electrochemical CV curves of 2 mM L-cysteine in 0.1 M KCl solution at the Li doped bismuth oxide nanorods modified GCE using the scan rate from 25 mV·s -1 to 200 mV·s -1
. As shown in the inset of upper-left part of Figure 8 , the intensities of the electrochemical CV peaks are linear to the scan rate ranging from 25 mV·s -1 to 200 mV·s -1 which is similar to that reported by other groups. [36] [37] [38] [39] The correlation coefficient (R) for cvp1 and cvp2 is 0.996 and 0.992, respectively. The role of the scan rate on the electrochemical behaviors shows that the electrochemical process of L-cysteine at the Li-doped bismuth oxide nanorods modified GCE can be controlled by a surface confined process. The effect of pH values on the electrochemical responses of L-cysteine on the Li doped bismuth oxide nanorods modified GCE was investigated in the pH range of 5.0-9.0 by the cyclic voltammograms. As shown in Figure 9 , the current of the CV peaks of L-cysteine increases up to pH 7.0 and then starts to decrease at higher pH value, which is similar to that reported by other groups. 36, 42 The result shows that the Li doped bismuth oxide nanorods modified GCE exhibits good electrocatalytic performance toward L-cysteine at pH 7.0. The detection limit of L-cysteine was determined using Li-doped bismuth oxide nanorods modified GCE by controlling the L-cysteine concentration in 0.1 KCl solution with the scan rate of 50 mV·s -1 . Figure 10 shows the CVs of L-cysteine with different concentrations at the Li doped bismuth oxide nanorods modified GCE. Voltammograms show that the peak current increases obviously and linearly with the L-cysteine concentration increasing from 0.0001 mM to 2 mM (the inset of the upper-left part of Figure 10 ). Table 1 shows the analytical parameters for the determination of L-cysteine using Li doped bismuth oxide nanorods modified GCE. The correlation coefficient is 0.974 and 0.985 for cvp1 and cvp2, respectively which is a little lower than that using other electrodes reported by other groups. [42] [43] [44] [45] [46] The linear range is 0.0001-2 mM. According to the signal-to-noise ratio of 3, the detection limit is estimated to be 0.36 μM and 0.17 μM for cvp1 and cvp2, respectively. Table 2 compares the analytical parameters for L-cysteine using different electrodes. Comparing the analytical results using other electrodes, the Li doped bismuth oxide nanorods modified GCE possesses a wide linear range and comparable detection limit for L-cysteine.
Some interfering species, such as catechol, hydroquinone, resorcinol and citric acid were measured in 2 mM containing the L-cysteine concentration of 2 mM. The potentials of the electrochemical CV peaks maintain similar showing that no electrochemical signals originate from catechol, hydroquinone, resorcinol and citric acid. As a result, these organic acids have no interfering effect on the oxidation of L-cysteine at the Li doped bismuth oxide nanorods modified GCE.
As a practical use, the preliminary experiments with serum samples have been performed using Li doped bismuth oxide nanorods modified GCE for the determination of L-cysteine. The L-cysteine concentration in the serum samples is 5, 20 and 40 μM, respectively. The values were calculated from five separate measurements. The recovery of L-cysteine was determined by the standard addition. Table 3 shows the detection results. The result suggests that the Li doped bismuth oxide nanorods mofified GCE is reliable for the detection of L-cysteine.
Stability and reproducibility belong to two important parameters for the electrochemical determination of L-cysteine that should be investigated. The same Li doped bismuth oxide nanorods modified GCE was used in twenty successive measurements of 2 mM L-cysteine in 0.1 M KCl solution with the scan rate and potential range of 50 mV·s Where I p and C refer to the current (μA) and L-cysteine concentration (mM), respectively b The detection limit was calculated according to a signal-to-noise ratio of 3 and -1.0 V to +1.0 V, respectively. Figure 11 shows the CVs of 2 mM L-cysteine in 0.1 M KCl solution at the Li doped bismuth oxide nanorods modified GCE for the 1st and 20th time. The R.S.D. is 0.61% and 2.28% for cvp1 and cvp2, respectively. The Li doped bismuth oxide nanorods modified GCE was stored in air at room temperature when the modified electrode was not in use. The current of electrochemical CV peaks maintains similar suggesting that the nanorods modified GCE is considerably stable. peaks increase obviously and linearly with the increase of the scan rate and L-cysteine concentration. The detection limit is 0.36 μM and 0.17 μM for cvp1 and cvp2, respectively with good reproducibility and stability. The results suggest that the Li doped bismuth oxide nanorods belong to a promising electrode material for high performance electrochemical sensor for the detection of L-cysteine.
Conclusions

